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SECTION 1
INTRODUCTION AND SUMMARY

The purpose of this research program is to improve our ur'derstand ,Jno

of explosion source functions and source coupling through theoretical mcoeing

of underground explosions, and tnrough laboratory modeling of exclosiors ad c
theoretical simulations of the laooratory resjIlts. Simulation of undergrounda-
explosions requires a detailed knowledge of materiai propertes and const *,*ive
models for the surrounding medium Some of these oropertes are well
constrained by observation, while others are much less certain. In tfis reCort.
we summarize our current understanding of the constraints on rcde! no of

underground nuclear explosions in granite.

S-CUBED has a history of very successful numerical mocel rg of
explosion data ,e g Rimer and Lie. 1982. Rimer ano Cherry. 1983: Rimer an)d
Lie, 1984). Near field data from the explosion PILEDRIVER. for exarple. nas

been quite accurately reproduced in both one- and two-dimensional calculatic-s
(Rimer et al., 1979: Day et al., 1983). In Section 2 of this report, we discuss the
models that were used in these simulations, and show which of the aspects of
the models are required by the data and which parameters are less we!l

constrained. We then scale the PILEDRIVER -esults to correspond to the y~elcs
of HARDHAT and SHOAL and compare thie results vi h near f:eid wave'c'ms
from these everts

In Secion 3 we discuss the effect of dilatancv -trcduced by *:ne use o'

an associated flow ruJie in simuiat-ons of expiosins i- g-antre The d.f'erence nr
cavity radii between the Hoggar expiosons and NTS excaoslons cc!c ze

explained if dilatancy were present n th e Hoggar exp os ors. anC acser: n"
NTS explosions. However. diatancy would a!so severely change 17e gc'c,'c

motion. The ground motion in the diiatant Hoggar sirmiaton s about a factor of

three greater than the ground rTot On ,n the nond:1atant NTS sm -a" or"

Di~atancy also has the effect of elimnat.- expicsior spectral -eaks The a-ce
volume inc'ease in the nonlirear zore rnear the exploscr makes c:.e'':2:
n early inmocssiole

I.
-4-
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S-CUBED has the responsibiity for planning anc guidance of abcra~orv

experiments now in progress at SRI and New Eng~and Research. Quasistatic
tests are being done at New England Research to determine the materia
properties of the Sierra White Granite which is being used in trne dynamic
experiments at SRI. In Section 4. we report on the current status of tnese
experiments.

2
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SECTION 2

CONSTRAINTS ON MODELING OF UNDERGROUND
EXPLOSIONS IN GRANITE

The parameters used in simulations of underground ruc~ear exolosions

are constrained by laboratory tests of mater:al properties and by direct

observations of ground motion 'rom underground explosions In tbhs sec:oo' we

discuss the parameters and constitutive models that were used in S-CUBED
granite calculations that successfully reproducec near-field wave'orms an-d

cavity radii, and examine the effect of changing these parameters.

Quasistatic laboratory tests are used to determine the foflovw.g

parameters: density. elastic moduli, pressure-volume relation, materal st*rengtl,.

porosity, and water content. Of these quantit es. the density, moduli. ar c P-V
relation seem to be quite consistent with in situ rock properties. Porcsi, and

water content are more variable in situ due tc the presence of joints and a-e
therefore less well constrained by laboratory data. Laooratory measurements of
strength seem to be very !nconsistent with n situ strength as nfer red by

modeling of underground explosions.

Direct observations of underground explosions provide some strong

constraints on modeling. In particular, cavity "adi rreasurements, rear f.e'd
observations of velocity and disolacement, and in cases where fu, ,aefc-ms.

are not available (such as in the Hoggar explosions', peak c:spaceme - a-d

peak velocity measurements al car be compared with tne esults of ruge'c!! a
simulations of undergrouno expiosions The probler w - -:

observations for mode!,ng is that tie data qualty is f-equenty 3.o1rces:e w
unoertain Aiso. unknown local varations in ma:eral prcpertes ato :o "he

uncertainty of modeling the explosions. The dynamic exper menta :ests

described in Section 4 are intended to be simulations of uncerground ruc ear I

explosions. The reason for performing these tests is to try to recrduoe -'e

physics of underground explosions under more constrained conot ons

3



Complete near fieio time h:stcries are available from three Un-tec States

expiosions in granite: PILEDRIVER. HARDHAT, and SHOAL (Table 1) We n'.ave

digitized the near field data from these events for comparison with our

calculations and for comparison with future experimental resujts Tne
1

PILEDRIVER data was collected by Sandia Laboratory 1Perret, 1968) arc by

Stanford Research Institute2 (Hoffman and Sauer, 1969) The HARDHAT cata

was also collected by Sandia Corporation 1 (Perret, 1963). and by SRI (Swtf* and

Eisler. 1962). Th" SHOAL data was collected by Sandia Corporation (Weart,

1965). Details of the experiments are given in a summary by Murphy 11978) as

well as in these reports.

One- and two-dimensional calculations Of PILEDRIVER performed earlier

at S-CUBED were quite successful at modeling some of the near field data and
reproducing the observed cavity radius (Rimer et al., 979. Day et al.. '983) In

addition to the horizontal data shown in this report, there is a substantai amount

of vertical data available from PILEDRIVER. and this data was reproduceO quite

well in the two-dimensional calculations. The constitutive models used in these

calculations are discussed in detail in Rimer et al. (1984). In Figures 1 ana 2. we

show a comparison of the observed near field velocity and d:splacement from

PILEDRIVER compared with the results of one-dimensional calculation No. 570.

The agreement between the calculated velocity and the data at the clcsest two

s:ations is exce'!ert At The more distant stations, the shape of the velocity

vaeiorms is reproduced by the calculation but the amplit.ce of the waveforms

!s overestimated by abo t a factor of twC The more distant SRI sta ;1-. s a-e at a

o f'een, azimu_,th tran t-e cicser Sard;a stations, so the ooservec c ferelces

co.,id oe an ,' cation of azimuthal var a:t:rts cf tre rear f e:c v avec, <S AS

sown rn Taoie tre cavity radii from - s calculaton acree ,ery weit v; t, Ine

ocserved cavity rad. 'Hejze. i9 3) for ai: *r-ee events

In order to exam re tne amount of variation in tese results. vie scaec

the PILEDRIVER calcu:aton to the vieid of t -e explosions HARDHAT ard SHOAL

and plotted the res'.s tooether with near 'eQ observatons for :ese e.. ets

1 Now Sarc,,a Labo"rato-ries

2 Now SRI Inte-r-ationa

_ : " ' ; , " ,; ,,, i 
,,

. .'ni ;,i . .-- dld 'h-l 'ill'l / " - . . .. I" I -I
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TABLE 1

UNITED STATES EXPLOSIONS IN GRANITE

Measured Calculated (570)
Caviwty Cavity

Explosion Yield (KT) Radius (m) Radius (m)

PILEDRIVER 62.0 40.1/44.5" 42.5

HARDHAT 5.9 19.4 19.4

SHOAL 12.5 268 24.9

44 5 meters was reported in Heuze (1983). 40.1 meters

was obtained by a drill back measurement (Sterrett.
1969).

7
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HARDHAT was an earlier 5 9 kioton explosion located very cose to t,e

PILEDRIVER site in the same medium as PILEDRIVER The HARDHAT

comparison is shown in Figures 3. 4 and 5. The results are similar to the

comparison at the more distant PILEDRIVER stations. The HARDHAT peak
velocity amplitudes are overestimated by about a factor of two at the Sanaia

stations and by about a factor of 1.5 at the SRI stations. however the calculated
velocity pulses have the same shape as the data. In particular. as was the case

with PILEDRIVER. the observed and calculated velocity waveforms are broad

and have large negative velocities at late times. The HARDHAT displacement

data at the SRI stations is matched very well by the calculation.

SHOAL was a 12.5 kiloton explosion in granite located away from tne

Nevada Test Site, so the material properties of the medium are not identical to

those of PILEDRIVER and HARDHAT. The SHOAL comparison is shown in

Figure 6. The results are similar to the HARDHAT comparison. Again the shape

of the data Is reproduced fairly well, but the calculation overestimates the

amplitude of the velocity pulses. The SHOAL data illustrates one of the

problems with such comparisons. Note that all three observations are at

approximately the same range (in different directions), yet the observed velocity

waveforms are quite different, especially at station PM-3. It is not clear whether

the data is actually this nonisotropic, or whether there is some problem with the

instrumentation that recorded the waveforms. However. as we remarked earlier,

azimuthal variations were observed in both the PILEDRIVER Cata and the
HARDHAT data as well

Peak velocity and peak disoiacement data from explosions in granite are

also available from tne F-ench nuclear explosions in the Hocgar (Heize 1983)

The Hoggar data arc :re peak velocity and peak displacemert cata from t-,e

United States granite tests are all plotted as a 4unction of scaled d:stance (al;

cata has been scaled to a yield of one k:loton) In Figures 7 ana 8 Tre Hcoca,

near field data is quite consistent with near fieid data from, the Untec States

tests Also scwn on tnese figures are the sca!ed peak velocity and peak

a~splacement curves from calculation number 570 The caicuation s in good

'I.

8
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agreement with the data at close range, however as we saw ir the waveform

comparisons discussed earlier, the peak velocity and peak disp'acemen: cata

are lower than the calculation at larger ranges.

In the calcuiation (No. 570) discussed aoove. ,aboratory data was use,,

to constrain the elastic moduli, density, and the ,nrt:al strength of the rock
(Cherry and Peterson. 1970). The failure surface used in the calculaton !s

shown in Figure 9. The strength of the rock at P equal to 0 is 150 bars. T.e
strenoth was reduced during the calculation thro ,gn the use of an e."ecrve

stress law (e. g. Rimer et al., 1984). In this model, the medium starts out a: t'-e

laboratory strength, but weakens as pores are crushed by the explosion In

porous materials, crushing of pores can have a very strong effect on source

coupling, however the porosity of granite is very low (0.1 percent maximum -

porosity is used in ,he calculation), and the main effect of pore crushing is to
trigger the strength reduction of the effective stress law.

The effect of this model is to severely weaken a zone around t-e

explosion while leaving an intact high strength region farther out. As shown in
Appendix A. a weakened core inside a strong rock matrix is necessary to

generate the large overshoots and negative velocities that are observed ir the
data. It is well known that if laboratory strengths are used to simulate the near
field data, the resulting waveforms are much too narrov. and iow in amp:*-ice

(see Figures 10 and 11). and the resulting cavity radius is only acout twc-t "rs

of the observed cavity size. In Figures 12 and 13. we show tle resd)!s c a

calculation in which the medium :s assumed to be very weak ;200 bar 'a: ,-re
surface) throughout the entire calculation The result.ng wavefD-ms are a fa-
match to the data. hcwever it does not reproduce the eca*,e .ec .es a: :-e

closer stations, and the calculated cavity radius s cverpred ctec oy :.c.;: a

factor of 3,2

Either the eflective stress law or some otner me:nansm for se.e'e v
weakening the materal near the explosion seems to be requivec to rmatc,' --c t

the rnear feid data and the cavity radii It is not ciear why the ca;cuiaticns :-atc.

some of tne data very well, while cverestimrating the amoltudes et other sta

Some addit onal numercal moceing in conjunctio.n wth "he exe> me"
program could heip to understanc th:s data
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SECTION 3
THE EFFECT OF DILATANCY ON GROUND MOTION

CALCULATIONS IN GRANITE

Most S-CUBED ground motion calculations have used a raaia! return
nonassociated flow rule. In an earlier report (Rimer et a/.. 1986). we showed that

using an associated flow rule to include dilatancy introeuced by plastic flow

caused significant changes in both cavity radii and ground motion. In thIs

section we address the questions of how an associated flow rule affects the

results of granite calculations, and whether dilatancy could explain the

Hoggar/PILEDRIVER cavity size anomaly.

Information about four Hoggar explosions is listed in Table 2. When tt;e

measured cavity radii are cube root scaled to a yield of 62 kilotons, they are all

about 30 meters, much less than the measured cavity radii for the three United

States granite shots (Table 1) which all exceed 40 meters when scaled to 62 KT.

Both the near field and far field data from the Hoggar explosions, however, are

compa-able in amplitude to the United States granite data. The reasons for th-s

difference have not been explained, and we want to see if dilatancy could be

responsible for this anomaly.

Dilatancy cannot be added directly to the calculation discussed in tr'e

last section. because the creation of a large volume of cracks induced by ':astic

flow is clearly incompatible with present models for pore crushing arc; tqe

effective stress !aw. To examine the effect of dilatancy. we have done twO se:s of

calculations The results of these calculatiors are i:stec in Tat!e 3 Ficures

showing near field waveforms. strain paths. and reduced d,spacemer:

potentials from these calculations and the calcuiations described in th*e ast

section are in Appendix B First. we ran the calculation with the high latoatcry

strength (see Figure 9) with an associated flow rule. The effect of the associate,I

flow ule is largest when the slope of the failure surface is large. and thee s "c

difference between an associated flow rule and a radia! returr flow rule whe- , :he

21



TABLE 2

HOGGAR EXPLOSIONS

Measured Cavity Radius
Cavity Scaled to

Explosion Yield Radius 62 KT

GEORGETTE 13.0 170 28,6

MICHELE 3.6 10.2 26.3

MONIQUE 117.0 39.0 31.5

CARMEN 15-4 20.0 318

22



TABLE 3

RESULTS FROM SIX CALCULATIONS

Cavity Elastic O=rax
Radius Radius

Calculation (m) (m) (m3) (m3 )

No. 570 42.5 6CO 16000 49000

200 Bar Strength 62.6 87' 53000 57000

Laboratory Strength 28.3 385 4700 5000
(Radial Return)

Laboratory Strength 22.1 580 23000 23000
(Associated Flow Rule)

Slope 0.5 Failure Surface 41.3 510 15000 15200
(Radial Return)

Slope 0.5 Failure Surface 30.5 950 58000 58000
(Associated Flow Rule)
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slope of the failure surface ,s zero Because of this, ciatancy Is small -lear tne

explosion because stresses are very high and failure occurs on or near the f:at

part of the failure surface. Dilatancy increases at greater distances wnere

stresses are lower, and will also occur near the cavity at late times when stresses
are reduced.

The effect of dilatancy is to slightly increase the pulse widths, to greatly
increase the ground motion amplitude especially at larger ranges, ano to reduce

the cavity size. In Figures 14 and 15, we show a comparison between these
results and the near-field PILEDRIVER data. The waveforms are much too

narrow and are a poor match to the data. The cavity radius is also much smalier

than the observed cavity radius. As expected. simply adding an associated flow

rule to the laboratory data does not produce results consistent with the data

In the second set of calculations, we assumed a linear failure surface,

and varied the slope and intercept of the curve, searching for the properties that
would match the PILEDRIVER cavity radius and the (scaled) Hoggar cavity

raacius. The linear failure surface leads to more dilatancy than the quadratic
failure surface used above. because the slope of the linear failure surface is

steeper at higher stresses Each calculation was run twice, once using a radial
return flow rule and once using an assoc~atea flow rule. With a failure surface
slope of 0.5. an intercept at zero pressure of 125 bars. and a maximum strength

of 10 kilobars, the calculation with the radial return flow rule matches the cavity

radius of PILEDRIVER, and the calculation with the associated flow rule matcnes

the cavity radius of the Hoggar explosions The ground motion in the dilatant

c3'culation (veiocity . displacement, and RDP) -s approximately three tmes as
a- e as toe ground motion of the nondilatart calculation

The fact tr'.at we can match both the Hoggar arc PILEDRIVER cav ty

raoi :s interest;ng, but it is not clear tr;at it has any relation to realty. Tne

o:serveo ground motion from the Hoggar explosions was comparable to that

from PILEDRIVER (Heuze. 1983). while the calculations show that ci;atancy

wolWd cause much arger ground motion Thie waveforms in ooth calculations

24
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are a poor match to the near field PILEDRIVER ground motior. (FigureS 6

through 19). It iS unfortunate that there are no near 'ield ground motion recr l

available from any of the Hoggar explosions The added crack volume nducedOle

by the associated flow rule makes overshoot almost impossible, As a result. the

large negative velocities observed near PILEDRIVER and the other NTS grante

events cannot be modeled with an associated flow rule

In Table 3, we list the peak RDP value and the final RDP value for each of

the calculations (figures of the RDP ant RVP for eacn calcjlation are in Arcen-cix

B) In all of the calculations without a weaenea core. there S ery I ttie

overshoot (see Appendix A for a theoretical discLssion of t'e relaton between

the weakened core and overshoot). The effect of dilatancv is to increase tne

amplitude of the RDP while inhibiting overshoot even further Since the increase

in amplitude is true at all frequencies. an explosion that generated the amocr: of of

dilatancy predic.'ed by the associated flow rule would cenerate both very arge

body waves and very large surface waves compared to ar expios.on that cj not

produce a dilatant region.

:.:.
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SECTION 4

STATUS OF LABORATORY EXPERIMENTS

As described in Section 2, laboratory quasitatc material prooerties

measurements on granite samples show a much larger strength than that

needed to simulate the PILEDRIVER particle velocity measurements. The

strength reduction required to simulate these ground motion measurements was

assumed to be due to pore pressure buildup which was modeled by Rimer.

et al., 1984 using an effective stress law However. other mechanisms for

strength reduction are possible The small scale explosive experiments being

conducted at SRI International in Sierra White Granite (SWG) are intended to

isolate the physical basis for the near field ground motion measurements from

the PILEDRIVER event in NTS granite. As described by Nagy and Florence,

1986, the most recent series of SRI explosive tests did show a factor of tnree

increase in particle velocity pulse widths for granite test samples which were

extensively gas fractured and then water saturated Less fractured samples in

earlier tests did not show these increases in pulse widths when saturated. nor

did gas fractured dry samples. The more fractured laboratory test samples are

intended to more closely simulate "in a scaled sense' the in situ fractured ano

,ointed rock.

As described in Rimer, et al., 1986. major problems exst in interprettng

the experimental results, in particular the small cavity radi wnich appear to oe

,nconsistent with the velocity measurements, and tne :ack of rebounC im p.eO oy

scme of the pa."icle veiccty measurements It is also clear tHat the twc ,a'ves c'

tre cylindrical test samoDles had separated for a time ai cwng HE detorator

cr:ducts to vent along tve 'lane of the partce velocity gauges anc sveep -)e

closest in gauges out of :,eir emplacement grooves Recommencat,c.s were
made which shouic improve the quality of the explos je tests being conducted

this year at SRI Table 4 (from Rimer, et a! . 1986) summarizes the

recommended explosive test series Numterej tests inoicate expermerts

completed in Fiscal Year 1986

32



TABLE 4
EXPLOSIVE TEST SERIES IN GAS FRACTURED SWG.

Overburden Pressure Pore Pressure
Test Typea  Pore Condition bars (psi) bars ;

1 (473. 4 74)b Fully Saturated 136 (2000) 136 00C

2 (4 76 )c Vacuum Dried 136 (2000) 0 0)
3 d Fully Saturated 136 (2000) 3 ,50

4 Fu:ly Saturated 68 (1000) 3 1501

5 Vacuum Dried 68 (1000) 0 (C)

6 Fully Saturated 136 (2000) 68 iCc)

a. Two tests are recommended for each test type.

b. Fully saturated tests were actually conducted with a
vertical confining (clamping) pressure of 136 bars but
hydrostatic overburden and pore pressures of 1 22 bars
for Test 473 and 109 bars for Test 474

c Test 476 did not have complete data recovery.

d A nominal pore pressure of a few bars :s smrcler
experimentally than zero pore pressure

3
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The extensive gas fracturing of these SWG samples clearly arte' tre r
material properties. Therefore a series of quasistatic material property tests
were also recommended by Rimer, et al. (1986). These included uniaxal strain
load-unload, triaxial compression. and load-unload tests along strain patns

relevant to the SRI experiments. The material properties tests are being
conducted by Dr. Randolph Martin of the New England Research Corporation

On August 18, 1986. a meeting was held at SRI. with S-CUBED SRI and New
England Research Corpora:ion represented, to coordinate the mater:al
properties tests with the dynamic explosive experiments so that maximum return

is achieved from the limited funds available

Granite samples fractured at SRI have already been received by New
England Research and Dr Martin anticipates completion of the first phase of tne
material properties tests by the end of October SRI has recently completed the
first particle velocity experiment of this new test series This experiment. Test

485. was a repeat of dry Test 476 with deeper grooves for all the particle velocity

gauge wires, including comparisons at the direct ranges between these grooves
and still deeper grooves on the other half of the cylindrical SWG specimen The
sample halves again separated during the expe',iment but gauges remained in
the grooves and survived. The deepest grooves gave the cieanest records
Peak displacements and cavity size agreed well with Test 476 data where

available and filled in the gaps in these data

Based upon this successful experiment, SRI wil next execute a fjily
saturated experiment with very low pore pressure, Upon completion of this

experiment and the first phase of the quasistatic experiments, another Meeting
will be held at SRI with S-CUBED. SRI anc New England Research Cororation
representa-ives present to analyze results before oroceeding w tn the remairing

experiments
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APPENDIX A
SOME ANALYTIC RESULTS RELEVANT TO

SHOCK WEAKENING IN GRANITE

The explosion source function (i.e.. the moment function mt). or

equivalently, the reduced displacement potential #(x)) can be related to source-
region mechanics through the nonlinear conservation laws and the const;tutive

equations. The latter ought ultimately to be based upon !aboratory experiments.

inference from field experiment. micromechanical modeling, or all of these

We can, of course, achieve at least a minimal understanding of the

seismic source without actually modeling the nonlinear deformation The

cumulative effect of source-region deformation is to exert a radial stress on the
spherical surface at the elastic radius re. As a first approximation ore can
neglect the timc dependence of this stress pulse and treat the problem in which

its static level is applied instantaneously. This is the classic cavity source
problem, whose well-known solution is

P 3Pc(w) re e el
= 1- e - 2 ~(A-1)

2 P.1

4pP2  r r2
e e 2

where P (t) is the pressure applied to the interior cavty wall. starting from a
C .-

quiescent state at time t = 0 The exterior whoiesoace is sotroc c.

homogeneous. linearly elastic. The exterior wavespeeds and aer-st'es a-e.

denoted by a, P and p.

This source spectrum when Pc(t) is approximated by a s:eo PoH~t) is
only slightly peaked near the corner frequency, and the corresoonding fa'-feidc
waveform has very little overshoot

For the most part, dynamic treatrrent of 'Onrnear celc- ration wittin the

source region requires numerical sclutions to te gOver,r g Car;ai c, 'erentia,
equations However. it is very usefji 1o have a,, ah - :' A-.'a 's "
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aid in the interpretation of numerical solutions. In particular, it would be useful to
have some insight into the dynamic behavior engendered by a weakened shell

of rock near the explosion cavity, abutted by stronger rock This is the sort of
strength contrast we would expect to develop dynamically under strain-
weakening or shock-conditioning conditions, for example.

For the purpose of developing analytical solutions, these circumstances

can only be represented in a very rough manner, By analyzing two very different
idealizations, however, we will have developed some interpretive tools with

which to appreciate more rigorous numerical simulations.

In this appendix, we first investigate weakening effects through a simple

extension of the linear cavity source problem. Then, nonlinear effects. both

geometrical and material, will be introduced in a simplified manner

Neglecting gravity and assuming linear elasticity pertains, we consider a

spherical bubble of radius r 1 in the center of a fluid-filled cavity of radius r2 in an
elastic wholespace (Figure A.1). The interior and exterior wavespeeds and
densities are denoted by subscripts 1 and 2. respectively

The bubble is pressurized with a given pressure time history P c (t). The

solution for the displacement s then has the frequency-domain form

s Br (A 2)

Br
werem

e r e r in f lui,.

(A.3)

-iwr a
aer in so id.
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a, = Fluid sound speed

P1 = Fluid density a

a2 = Exterior P wavespeed P2

(32 = Exterior S wavespeed aP

P2 = Exterior density PI

Figure A I Problem geometry for fluid-filled cavity-source.
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the coefficients A, B and C to be determined from tne boundary and continuity

conditions

A

rr (rl) = Pc' (A.4)

T rr continuous at r2 , (A 5)

s continuous at r 2  (A.6)

The radial stress in terms of is

Trr (X - 2#) a - 2),r ar r

= (X - 2#) rj - ?X (A.7)

The three boundary/continuity conditions become

t2 r,\-iwrlla. ^- iwr /a1
PC = p1  L - Be J l (A.8)

2 "',-w( /a ] 4 P2P2 2 &/r2/2(, -iwr2 !a - o Iir 2 t'a! = -~22

P1  - r 2 (A
2 r

Iwr /a l l] twr 'al
Id Ae '2/ 1 2 w B

r 22 al r2 r2 2 al r 2

= 1 1._w. ie 2" a 12
r22
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where

qr2w r2 2 (A.ll)
a2 4 2 2

Solve Equation (A.10) for Ce ~ 2 /a2 and substitute Into Equation (A.9) Th-s
turns Equations (A.8) and (A.9) into the system for A and BA

A A
a1 A-b 1 6 B-PC, (A. 12)

A
a 2 A -b 26 O0. (A 13)~

In Equations (A. 12) and (A. 13), the coefficients are

2 iwr /0s
b 1 = P1 r1e ,(A 15')

2 r 3 ar

hi , (A. 15)
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The Cramer's rule solution for A and B is

-b 2P
A = 2c (A. 18)ajb2 -a P 1

~aC
B - 2 b 'c (A. 19)

which we plug into Equation (A.10) and solve for C. The expression Mren
simplifies to

,.. r~r 2  
_____________

C-4 PA i 2 q (cos e a sin 6) (A.20)

where

q = 1 r2 r 2 2(A.21)a2  4P2

hi = r2ar (A 22)

a = piwa r2  'w a (A 23)
4 P2P2 q a2 r2I
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Equation (A.20) gives the reduced displacement potential. wich we have
heretofore called ~.Thus. s is given by

Py2 -iW r-r2)a

a PP 2 q (cos 0 - a s in0) ( 4

In the high-frequency limit, Equation (A.24) has a nice interpretatbon We
can rewrite it as

Srir 2 2 2e_' ' *iw(r- r2)' a2 1
s(r~w) = 4pfl 2  La 1j ei w2} (A 251

The high-frequency limit of Equation (A.25). for the case of P~ equal to a step

function of amplitude P 0 is 
.

s(r.w) e .iw r-r 2) 'a2 (-PO) r, TeiG10(1.Re 2 iG R2e-4 0_~

(A.26)

where

R P2- Pii (A-27%)

2,al
1T (A 28)

P2'2 -pla,

0 w~ 2-r) tA 29)
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Equations (A.27). (A 28) and (A.29). respectively, are the normal incidence piar'e

wave reflection coefficient (R) and transmission coefficient (T) at the fluid-soid

boundary, and the one-way phase delay (0) across the fluid srnell Thus,

Equation (A 26) has an obvious interpretation. At sufficiently high frequency. tie
radius of curvature of all boundaries eventually becomes negligible comoared

with the wavelength The series terms then represent multiple reflections at the

fluid-solid interface, The first motion of each reflection is given by the inverse
transform of the corresponding series term (Abel's theorem) giving the following

first motion series, most easily expressed in terms of velocity:

Po rl n t r'r2 2n(r2 r)1

u(rt) P 1- r Fn H - (A 30)nil r=0 a2 1l

where H is the unit step function.

Thus, the fluid shell gives rise to repeated overshoot and rebound in the
motion, as well as the potential. at r2 . This tends to put a stronger peak into the

far-field displacement spectrim. In a real material, there would be some
residual strength after strain-weakening (or shock conditioning, or whatever

weakening mechan sm is postulated to operate), and this would rapidly damp
tne oscillation of the source region, probably after a single cycle of outward
motion and rebound Nonlinear numerical simulations with shock weakerrng

(effective stress law, for example) indeed exhibit this enhanced rebouno ana

spectral peaking.

Ficure A.2 shows some complete time histories for the red:.cec

dsplacement potertia for the fluid-shell problem, in wnch the cversncot anc
rebound are evident The extent of overshoot seems to increase with the extent

of the fluid shell region

The preceding solution to the linearized momentum equation witn elastic

stress-strain reiation is useful in its own right. in that it demcnstrates that strain

weakening near the source, represented here is an approximate way by

int~oducing a fluid. (zero-strength) interior shell, can lead to reverberative

response. As noted above. it seems likely that f the interior region were a soft.

plastic shell instead of a fluid, one might still see the outgoing pulse (first term in
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ROP PLOTS FOR FLUID S-EL' PROSLE'A - ,.-500 ,

1.4 6r=200 mrh

6r= 100 m A

1.2 6r=O (no fluid shell)

1.0 -a

0.8

S0.6

0

0.4

0,2

0A,.

00 0.5 1.0 1.5 20 25 C,
Time (sec)

Figure A 2- Some numerical solutions to the fluid shell problem. The shell
thickness r r-r is denoted by 5r density is 2500 kc -3

everywhere. P wavespeed is 5000 m sec everywhere anc t-e

exterior shear wavespeed is 3000 m sec, and the fluid bulk 0 is

10
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Equation A 30) with somewhat diminished amplitude, the f rs: etounc !Second

term :n Equaton A 30) aso diminished in amplitude, ano then loc ing in c' :ne

cavity oisplacement due to the strength of the piastic shell Th~s woulo be

analogous to the osciliation followed by lOCKing of a harmonic oscillator to which

a Coulomb slider has been added. If this qualitative description is correct. tnen

strain weakening should lead to a source function with significant overshoot. To

maKe this notion more quantitative, we seek the help of an aralytc solut on

Ti s calculation is a useful supplement to the !as+ section as it incorporates botn

geometrical and ma-ral nonlinearity The price paid is that the source region is

treateg as incompressible. which leads to unphysical behavior of the first motion

Furthermore, we manage only to reduce the problem to that of solving a system

of three coupled first-order ordinary different;al equations. These are easily

solved numerically, however.

Figure A.3 shows a spherical shell of interior radius r, (t) and exterior

radius r2 (t). both of which are time varying. The left hand side is the initial

configuration, at t = 0. the right hand side is the configuration at some !ater time

t. The shell consists of a rigid-perfectly plastic. incomplressible solO in welded

contact with a linearly elastic wholespace at r2 The shell has density -l and

yield strength Y: the wholespace has density. P wavespeed and S wavespeec

equal to p2  2 and p2 respectively

We wisn to firc the seismic rad:aton when the shell is lcaded at time

e-o by a pressure P which may r turn depenc r ornqearly -por, t-ie "not,on.

The raclial coord~nate in the nitiai ur cefornec corf cu,,ato, will te o'"

'eerence cr Lagrangian. coordinate. aenoted R The corresponCong spatal

:z:cr2inate will be denoted r = r(R.t) sc that R 0' = R

From the r omcress,blity conCitior we h"ave

p(Rt) pRC, for R1 < R < R2  (A31)

anc tre continuity ecuation under spherical symmery comborel t.,lt Equation

A 31 gives
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rar o onstan! for R<< R (A 32)

Integ'ating Equatior (A 32) we get

3 12
r(R~t = 'R3 - r' (R0 1) - R.JJ 'R < R2  (Ak33)

where R0 is some reference oDositon The rad-al displacement s is then

S(R.t) = [R3 - r' (R. t R 0 3]j1/3 - R

= [R _so (S02 3Rs~ 33 ] 3_R (A-34)

)'From now on we will drop the argument t when there is no ambiguity.) Some
limits

02
for s <- R0  s(R) - s0  J (A.35)

for s >> R s(R) - s0 - R0  R (A 36)

Next we dear witri the momrentumn conservation eq uation under spherical

symmretry

aT-

Sd*L ar r r 0)
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The plastic yield condition is

IT rr -T00 1 < Y. 'A 38

Because of the rigid-plastic, incompressible conditions there can te no

motion unless the whole plastic shell is at the yield surface. ther

d2s 8Trr 2

P dt 2 sgn (u) Y (A "9)

the solution to which we seek, with the boundary conditions

Trr(r1 ) = P A 40)
-a

Trr(r2 ) = T2  ,A.41)

The outer boundary stress T2 is to be determined by requiring continuity

between the interior plastic solution and the exterior elastic solution, which is just

the cavity source problem with Pc = -T2 ' Substituting PC = iT2nto Eqation

(A1), and making the operational interpretation iw = ddt. leads to the foflowing

ordinary differential equation for s 2  =s(rt )

2 r'2

_ r2  (r -r r2 T (A 42
S2  2 p2, 2 2  2 21.

2 2 2 [P 21 4p 22 - 2 j(2

If we can express the solution to Equation (A.39) in terms of the unknowr"n

boundary value T2 . then that expression, combired with Equation (A.42). w,;

constitute an ordinary differential equation system whch we car solve for s.- arc

T2 . Then the sou-ce function 0 in terms of si s given by the COnvolutcr

(t) 2 r 2  e a2 t r2  s2 (t) (A 43,
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To slve quaion A.39, wintegrate witn respect to r-

r1

Next, evaluate the final term in Equation (A,44) in terms of s 2. The veiocity is

u(rt) = as~ Rr (A.45)

where R(r) is the inverse function of r(R). From Equation (A.34). we get

r2
=u(r.t) = 52F? (A 46)

The acceleration is

d 2s du 8u a uL
dt WR rt

.[r]2 2r[ 2 A'

Plugging Equation (A.47) into Equation (A.44) anoi carrying ou* the integraton
leads to an expression for T rr (r t). which we evaluate at r =r 2
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e

T2 (t) = P- -2 Y sgn S In '2 p, r2 s2  2

2(t) 2) r 1 1  2

r 2 4 "
r2 4 r S (A 48)

1 2 r 4

where 6r r2 -r 1 .

We could substitute Equation (A.48) into Equation (A.42) to obtain a third-order

ordinary differential equation for s2 (t). This equation is comp eted by specifying

Pc(r1 ) via an equation of state, e.g.. the constant-gamma gas approximation

PC = 3(7y-1) W (A.49)
4r R1

3  tr

where W is the explosion energy. Equation (A.48) is nonlinear in _ and

therefore Equation (A.42) generally will require a numerical method for 'ts

solution.

A more convenient form for numerical treatment ensues ', we define tne

new dependent variable r,

T2S - A-C• 2  P2 '2(A5 
T

Then we define the vector components V by

V 1  "(A 5 a)

V2 ~2 (:

V3  2 (A..

,', ,,.,- ,., ," . -... . . ., .. -,-. , -. ".- -.j, . ,.. . ,- - -,. - , ,, .-.... . . . . . -



With these definitions. Equations (A.42) and (A.48) are equivalent to tlie following

system of first order ordinary differential equations.

- VFt) (A. 52)

where

422 r2  a2
2  a

F1 r2
2 V _2 1 V2  2 V1  (A.53a)

r1 a2 P2  Pc(r 1J 2 Y sign (V2) r2
r 2 6 r p P2 2 2 P2 a2 r 1

2p ,~r 6r ( r2  4 r 1  4]_ (A 53b)

F3 = V2  (A.53c)

Recall that is a known function of s2' given by Equation (A 34) (Dy virtue of the

incompressibility condition). and that P. rl) is given by Equation (A.49).

Equation (A 52) is easily solved using a fourtn-orcer Runge-Kutta method. with

due caution regarding tne sign of V2 in the fourth term of Equation 'A 53b)

Because of the incompressiolity condition Equation (A.52) is unphysical

in its representation of the first motion, and probably generally smooths out

high-frequency features which would appear if compressibility were permitted.

This smoothing is evident in numerical results shown in Figure A.4. In all cases

shown, the explosion energy is 50 KT. emplaced in a cavity of initial radius 10 m.
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density and exterior wavespeeds are. respectively. 2500 kg,m 3, 5000 m, sec. and

3000 m,'sec. Results are given in terms of the reduced displacement potential,

via Equation (A.43). The first motion isquadraticintimeratherthan linear, an

artifact of the incompressibility condition. When the shell is weak. the

anticipated overshoot appears, and damps out rapidly. as expected. When the

shell is weak enough that several half-cycles appear, tne oscillation amplitude

diminishes by an approximately constant cecrement at each half cycle. This

behavior roughly mimics that of a harmonic oscillator in parallel with a Coulomb

slider. Thus. in spite of some severe oversimplification, this solution verifies that

shock conditioning is responsible for introducing or enhancing overshoot in the

source function.
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APPENDIX B

STRAIN PATHS, TIME HISTORIES AND REDUCED DISPLACEMENT
POTENTIALS FOR GRANITE CALCULATIONS
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displacement and velocity at 1225 meters for PILEDRIVER
Calcuiation Number 570
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Figure B 16 Reduced displacement potential, reduced velocity pcte'tal
and displacement and veiocity at 11225 meters for calc,-ation
with a linear failure surface with a sooe of C 5 - associaec !"ow
rule
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F,Cure B.17 Disp;acement, velocity, stress anc strain time r.stories at 204
meters for calculation with a Inear faillure surface wtn a slcpe

of 0 5 - assoc:ated flow rule
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F gure B 18. Strain paths at 204 meters for calculation with a tr'ear +a+.-e :.

surface with a slope of 0 5 - associated flow rule. .
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